Vertical distributions of adult rainbow trout (> 25 cm fork length, FL) were determined with a SIMRAD ES470 split-beam echosounder in two 80-90 m deep lakes differing in water quality. Between November 1993 and February 1994, most trout (> 80%) were between 10 and 40 m, within or close to the thermocline. However, a small group of fish occupied colder waters, deeper than 50 m. In February, surface water temperatures > 21.0°C and hypolimnetic oxygen levels < 2.5 g m -3 compressed the habitable depth range for trout in Lake Rotoiti to 12-35 m compared with 12-80 m in Lake Rotoma. Deeper-dwelling trout inhabiting waters over 50 m in Lake Rotoiti would have been forced into shallower waters at this time. However, the vertical distribution of the remaining trout in Lake Rotoiti was not compressed. In March 1994, adult trout were still present in waters 10-40 m deep in both lakes, but many of the smaller fish had moved into shallower waters (< 10 m deep), probably because of declining water temperatures in the epilimnion and increased densities of their preferred prey. At this time, the lower depth range for trout in Lake Rotoiti was limited to 28 m by the 2.5 g m -3 oxygen level and trout occupied warmer waters than they did in Lake Rotoma. When oxygen was not limiting, water temperature was the main M94033 variable determining the depth of the trout, and monthly changes in the mean depth of trout between both lakes and months were explained by a thermoregulatory model for trout movement.
INTRODUCTION
The concept of physical habitat as a limiting factor has proved useful for predicting changes in fish distribution and abundance in rivers (Fausch et al. 1988 ). However, this concept has not been widely used to obtain an understanding of pelagic fish distribution and abundance in lakes. Fish densities in lakes are generally expressed in terms of surface area, implying that fish are homogeneously distributed throughout lakes and that lake depth has little effect on fish abundance. This approach assumes that water depth is relatively unimportant for fish habitat; however, the reality is far different and Olsen et al. (1988) recommended that more attention should be focused on the habitat limitations for fish in lakes.
In lacustrine environments, pelagic fish often occupy discrete depth strata (e.g., Northcote & Rundberg 1970; Dembinski 1971; Engel & Magnuson 1976; Rudstam & Magnuson 1985) and, in New Zealand's central North Island lakes, both the mean depth and depth range of native fish species varied from month to month as well as between lakes (Rowe 1994) . Although such stratified vertical distributions of fish are believed to be caused mainly by fish preferences for temperature and light (Brett 1971; Rudstam & Magnuson 1985; Levy 1990) , several studies have shown that fish cannot tolerate, and will actively avoid, certain high water temperatures and low Downloaded by [University of Idaho] at 07:41 27 September 2011 oxygen levels (McCauley & Pond 1971; Davis 1975; Cherry et al. 1977; Alabaster & Lloyd 1980; Kazakov & Khalyapina 1981; Forsyth et al. 1990 ). Furthermore, the feeding efficiency of visual predators, such as trout, decreases below certain light levels (Robinson & Tash 1979) . The functional depth habitat for fish in lakes can therefore be decreased when a reduction in water quality increases the gradient in light, temperature, or oxygen with depth, thereby narrowing the depth range of acceptable levels for fish.
As a narrowing of depth habitat may have implications for fish density, mortality, and lake carrying capacity, it is important to determine the physical variables defining functional fish habitat in lakes. Such information is important for understanding biotic interactions, and will assist water managers to define the water quality parameters needed to protect fish life and to predict the consequences of changes in water quality on fisheries. In particular, knowledge of the factors determining functional depth habitat for fish in lakes will lead to a better understanding of "habitat squeeze" (sensu Coutant 1985) .
Habitat squeeze occurs in summer months when high water temperatures in surface waters create an upper limit to the depth range for fish and when low oxygen levels in the hypolimnion set a lower limit. Fish are confined to a middle stratum of water and if the temperature and oxygen limits to habitable depth move closer together, habitat squeeze may affect the vertical distribution of fish. Habitat squeeze has been recorded for both striped bass Morone saxatilis, and northern pike Esox lucius, in southern lakes in North America (Coutant 1985 (Coutant , 1990 Headrick & Carline 1993; Zale et al. 1990 ). Concern has also been expressed that rainbow trout {Oncorhynchus mykiss) populations in some North Island, New Zealand lakes could be similarly affected (Rowe & Scott 1989) .
In rivers, adult rainbow trout have been reported to avoid water temperatures over 21-23°C (Hokanson et al. 1977) . However, when free to roam within a thermal plume entering a lake, rainbow trout generally avoided temperatures over 21°C (Spigarelli & Thommes 1979) . Several studies in lakes have indicated that 21°C sets the upper limit to the vertical distribution of trout (Table 1) . Coutant (1977) , in a review of temperature preference data on fish, indicated that rainbow trout occur in waters up to 22°C. However, in lakes very few (< 5%) adult trout have been found in waters above the 21°C isotherm (Spigarelli & Thommes 1979; Jones 1982; Stables & Thomas 1992) . Consequently, 21.0°C is taken as the effective temperature threshold determining the upper limit to trout habitat in lakes. Similarly, trout are rarely found in waters where oxygen levels are much below 3.0 g m" 3 (Table 1) . Notwithstanding the ability of rainbow trout to make brief forays into deoxygenated water (Luecke & Teuscher 1994) , trout generally avoid oxygen levels below 2.5 g m" 3 (Table 1) . Consequently, 2.5 g m~3 is taken as the level of oxygen which can set the lower depth limit to trout distribution.
These thresholds in temperature (21°C) and oxygen (2.5 g m~3) can be expected to set the upper and lower boundaries to the depth range which trout occupy in lakes, provided that other physical variables with vertical gradients, such as pressure and light, are within acceptable limits and are not of overriding importance. For example, Cryer (1991) determined the vertical distribution of rainbow trout in Lake Taupo (maximum depth about 150 m) and found that, although trout occurred throughout the water column in all months, they were more abundant in shallower waters (0-50 m) in summer, with smaller fish in shallower waters (0-20 m) than larger ones (20-50 m). Cryer (1991) indicated that the shallower distribution of trout in this lake in summer months may have resulted from a preference for light. However, increased densities of prey species in shallow waters at this time may also have caused this. Thus, although high water temperatures and low oxygen levels may set limits to the habitable depth range for trout in lakes, habitat squeeze may not necessarily constrict the vertical distribution of trout, as other factors may determine the actual depth range for trout within the range of habitable water.
For habitat squeeze to affect fish populations it must be shown that fish distributions are actually compressed when habitat squeeze occurs. We therefore determined whether habitat squeeze (owing to the incidence of limiting water temperatures and oxygen levels for rainbow trout in lakes) occurred for trout in Lake Rotoiti during summer months when the hypolimnion deoxygenates. We tested the null hypothesis that such habitat squeeze would not result in a constriction in the depth range for trout in Lake Rotoiti relative to that in a control lake (Lake Rotoma). In addition, we examined the role of oxygen, temperature, and light levels in determining the daytime resting depths of rainbow trout in these two lakes. Downloaded by [University of Idaho] at 07:41 27 September 2011
STUDY SITES
Lakes Rotoiti and Rotoma are both moderate-sized lakes (surface area 34.3 and 11.1 km 2 , respectively) at altitudes of 278 and 313 m, respectively (Irwin 1975) . They are located in the Central North Island Plateau of New Zealand and were both formed as a result of volcanic activity in the region over 7000 years ago (Healy 1975) . They are morphologically similar in that they are elongate and contain large, deep (80-90 m) basins. Both lakes contain selfrecruiting populations of rainbow trout, smelt (Retropinna retropinna), and common bullies (Gobiomorphus cotidianus). Goldfish (Carassius auratus) are also present in both lakes, but they are rare, as is the koaro (Galaxias brevipinnis) which occurs only in Lake Rotoiti (Smith 1959; Rowe 1994) . Jolly (1968) described their basic limnology: both lakes are monomictic and stratify during summer months. Water quality has deteriorated in Lake Rotoiti and the hypolimnion now deoxygenates between March and May each year (Gibbs 1992) . By contrast, Lake Rotoma is oligotrophic and oxygen saturation levels 1 m above the bottom are generally greater than 50% throughout the year (McColl 1972) .
METHODS
The size and depth of individual rainbow trout in Lakes Rotoiti and Rotoma was determined using a SIMRAD ES470 split-beam echosounder, with a beam width of 11.5° and an operating frequency of 70 kHz. Time-varied gain was 40 Log R, and pulse duration 0.5 ms. Data output included an echogram with echoes colour coded according to target strength and a digital computer file that included the data triplet for each echo (i.e., its ping number, depth, and an arbitrary value related to target strength). The range of arbitrary values of 1-80 corresponded linearly with the target strength range -44 to -14 decibels (SIMRAD 1986) . As time and resources precluded the development of a relationship for target strength and rainbow trout size, trout size is expressed in terms of acoustic energy (decibels, dB).
Sampling was carried out during summer months, specifically in November and December 1993, and February and March 1994. Transects were run from one side of each lake to the other, and because of the generally low counts (1-5) of trout per transect, 15-20 transects were needed per lake. Transects were located to cover the main basins of each lake, and sampling was carried out within a 5-6 h period during the middle of the day to minimise effects of diel changes in the vertical distribution of fish.
Trout were identified by matching the echoes from each individual fish, on each echogram, with the corresponding data triplets. In general, an individual trout was characterised by a series of 3-7 echoes with consecutive ping numbers and slightly decreasing depths, reflecting the backward tilt of the V-fin containing the transducer. Trout were discriminated from the much smaller smelt Table 1 Water temperature levels reported to limit the depth distribution of large (> 1 kg) rainbow trout in lakes, and oxygen levels below which trout cannot survive.
Level
Source Description New Zealand Journal of Marine and Freshwater Research, 1995, Vol. 29 (30-100 mm fork length, FL) and juvenile bullies (4-20 mm FL)-the only other fish in the pelagic zone, on the basis of a maximum target strength (MTS) values greater than -31 dB. This threshold was selected because we found that large individual smelt produced MTS values up to -32 dB (unpubl. data). Cry er (1991) estimated the size of rainbow trout in Lake Taupo from fish size-target strength relationships developed for gadoids. This was because the limited data available for trout was similar to that for gadoids. However, the true relationship for trout size-target strength is not known, and Cryer's (1991) approach may have overestimated the size of smaller fish. As -29 dB was used to distinguish trout over 30 cm FL in Lake Taupo (Cryer 1991) , a threshold of-31 dB would be expected to select only trout over about 25 cm FL in Lakes Rotoma and Rotoiti. As a result, relatively small (FL < 25 cm) trout, producing echoes below -31 dB, would have been excluded from our study. This approach will not have affected the measurement of habitat squeeze as larger rainbow trout have lower temperature preferences than smaller ones (McCauley & Huggins 1979; Spigarelli & Thommes 1979) , and warm surface water temperatures will affect larger trout first.
Schools of relatively large (FL > 60 mm) common smelt occurred between 30 and 40 m in some transects in Lake Rotoiti and the MTS values from these schools often exceeded -31 dB. The schools of smelt could not be mistaken for trout, because they had a much larger echo trace than individual trout. However, trout close to such schools (i.e. within 1 m) could not be reliably distinguished from them on the basis of either echo trace or target strength data. Fortunately, this problem occurred only in Lake Rotoiti, as the large smelt were more dense here than in Lake Rotoma and they only occurred in certain regions of a few transects in February and March.
All trout between 0 and 3 m depth will have been missed because the transducer was towed at 3 m, and some trout between 3 and 5 m will also have been missed because the transducer may have disturbed fish directly below it. Trout were present in surface waters as we observed the occasional trout feeding at the lake surface but, except in March, no trout were detected (acoustically) between 5 and 10 m. We were therefore confident that in November, December, and January most trout were either feeding in shallow surface (0-4 m) waters, or were below 10 m and therefore amenable to acoustic sampling. In Lake Rotoiti in March, trout were often recorded from water as shallow as 4 m.
Oxygen and temperature levels were recorded in both lakes at 1 m intervals down to 70 m using a Yellow Springs Instruments (YSI) Model 54A oxygen/temperature probe. Light levels were measured at 1 m intervals down to 50 m with a 4n, QSP Model 200, scalar irradiance probe, with a spectral bandwidth of 400-700 nm (Biospherical Instruments, Lahoya, California). Levels below 0.01 quanta m" 2 s" 1 could not be measured directly, so were estimated from the extrapolated light-depth curve. Monthly changes in the depth habitat available to rainbow trout in each lake were determined by comparing the depths of the 21.0°C isotherm and the 2.5 g m~3 oxygen concentration between months. The depth and MTS value of each trout were recorded for each transect and the number of trout in each 2 m depth strata summed for all transects in each lake on each sampling occasion. These data were then corrected for increases in sampling volume with depth, using a wedge-shaped model to approximate the sampling volume, and relative densities of trout were calculated for each 2 m depth stratum in each lake for each month. Relationships between trout size and depth were examined for each month and lake by determining the frequencies of large (MTS > -24.5 dB) and small (MTS < -24.5 dB) trout above and below the median depth for each data set. A test of independence based on y } square (Sokal & Rohlf 1973 ) was used to determine whether significant differences in the size of fish occurred with depth between months or lakes.
We determined whether habitat squeeze occurred for trout in Lakes Rotoiti and Rotoma during summer, and whether the vertical distribution of trout in Lake Rotoiti was compressed by such habitat squeeze, by contrasting the depth range for trout in Lake Rotoiti with that in Lake Rotoma where there was no hypolimnetic deoxygenation. In addition, the mean depth for all rainbow trout was calculated for each month for both lakes and we determined whether the vertical distribution of trout in these lakes could be predicted by simple models based on preference or avoidance of temperature, oxygen, or light levels. We tested the hypothesis that temporal (between months) and spatial (between lakes) variation in the mean depth of trout was related to a constant level of oxygen, Downloaded by [University of Idaho] at 07:41 27 September 2011 Light (quanta m' 2 s' 1 ) NOV DEC FEB MAR temperature, or light (i.e. preference level). Similarly, we determined whether variation in the minimum and maximum depths at which trout were found in each month was related to a constant level of oxygen, temperature or light (i.e. avoidance levels).
RESULTS

Depth habitat for trout
Water temperatures > 21 °C or hypolimnetic oxygen levels < 2.5 g m~3 did not occur in November or December in either lake (Fig. 1 ). However, in February, water temperatures > 21°C set an upper limit to the depth of water which trout could inhabit in both lakes (Fig. 2 ). At this time oxygen levels < 2.5 g m~3 also set a lower depth limit (35 m) for habitable water in Lake Rotoiti, but not in Lake Rotoma (Fig. 2) . In March, low oxygen levels had raised the lower depth limit for trout in Lake Rotoiti to 28 m (Fig. 2 ), but water temperatures in the epilimnion of both lakes were below 20.0°C (Fig. 1 
Vertical distribution of trout
In November, December, and February no trout were recorded between 4 and 10 m in either lake, and the highest densities of rainbow trout occurred between 10 and 40 m (Fig. 2) . By March, many trout were still present between 10 and 40 m; however, relatively high densities of trout also occurred in water < 10 m deep in both lakes (Fig.  2) . A close examination of the size of trout above and below 10 m in March showed that 89% of trout above 10 m were relatively small fish (MTS values between -25 and -32 dB: Fig. 3 ). In comparison, trout below 10 m in March included about equal numbers (53 versus 47%, respectively) offish with MTS values higher and lower than -24.5 dB.
Although there were significantly more larger trout below the mean depth than above it in November and March in Lake Rotoiti (Table 2) , sample size for large trout was relatively small in Lake Rotoiti in November. Furthermore, we could detect no difference in the proportion of large trout above or below the mean depth for trout in Lake Rotoma for any month (Table 2 ). There was therefore little evidence of a relationship between trout size and depth in either lake, except in March, when small trout predominated in waters above 10 m. Echoes from smelt concentrations in the top 10 m were clearly visible on certain echograms from Lake Rotoiti at this time, so the shallower March distribution of many adult trout was associated with an increased density of smelt, particularly in parts of Lake Rotoiti. In Lake Rotoma, a small group of trout (17.3% of total) occurred in waters deeper than 50 m in all months (Fig. 2) . In Lake Rotoiti such trout were only present in November and December. These deeper-dwelling trout were > 10 m deeper than the closest trout in shallower waters. No trout were observed below 56 m in Lake Rotoiti or 72 m in Lake Rotoma between November and March. The mean depth for all trout (Table 3) was deepest in both lakes in December, and shallowest in March. When trout present in shallow (< 10 m) waters in March (Fig. 3, Table 2 ) were excluded, the mean depth of trout was greater in both lakes (Table 3) , but was still less than the mean depth for other months. Similarly, when the small number of fish below 50 m were excluded, the qualitative changes in monthly mean depth persisted in both lakes (Table 3) . Trout therefore occurred in deeper water in Lake Rotoma than in Lake Rotoiti in all months (Table 3) . 
Effects of habitat squeeze on trout vertical distribution
Stratification resulted in the presence of a thermocline in both lakes in all months ( Fig. 1) and, in general, the distribution of trout straddled this thermocline (Fig. 2) . In Lake Rotoiti, highest densities of trout occurred within the thermocline in November, December, and February (Fig. 2) , whereas in Lake Rotoma, highest densities of trout occurred within the thermocline in all months (Fig.  2) . The vertical distribution of the trout therefore traversed the depth stratum where gradients in temperature were greatest. In Lake Rotoiti, oxygen gradients were also greatest in the thermocline; however, this was not the situation in Lake Rotoma.
Here, peak oxygen levels occurred near the top of the thermocline and oxygen only began to decline near the bottom of the thermocline (Fig. 1) . Although the 21°C isocline at 10 m provided an upper limit to the habitable depth range for rainbow trout in Lake Rotoma in February, the trout in this lake were below 18 m at this time, so the vertical distribution of the trout in Lake Rotoma was not affected by the warm surface waters in the epilimnion in February. However, in Lake Rotoiti in February, the minimum and maximum depths for the actual depth distribution for trout exactly matched the upper and lower limits to their habitable depth range set by limiting temperature and oxygen levels. Habitat squeeze could therefore have affected trout distribution in Lake Rotoiti in February.
It was apparent that the small group of trout present below 50 m in Lake Rotoma in all months, and in Lake Rotoiti in November and December, were absent in Lake Rotoiti in February and March. Limiting oxygen levels therefore restricted the lower depth limit for these trout in Lake Rotoiti in February and March (Fig. 2) . However, this effect was limited to the few fish that occupied waters deeper than 50 m in each lake. If these deeperdwelling fish are excluded, the depth range for trout in Lake Rotoiti in February was 12-35 m compared with 18-36 m for trout in Lake Rotoma (Table 3 ). The majority of trout in Lake Rotoma therefore occupied a similar depth range to the majority of trout in Lake Rotoiti and there was no evidence that the vertical distribution of these fish was vertically compressed in Lake Rotoiti in February. Only the few, deeper-dwelling trout below 50 m were affected.
Effects of oxygen, temperature, and light
The monthly mean depth, and the monthly minimum and maximum depths for the depth range of trout in each lake were not related to any constant level of water temperature, oxygen concentration, oxygen saturation, or light (Table 4 ). Light levels can influence the vertical distribution of fish in lakes (Brett 1971 ; Levy 1990 ) and light penetrated to greater depths in Lake Rotoma than in Lake Rotoiti (Fig. 1) . Trout occurred in deeper water in Lake Rotoma than in Lake Rotoiti (Table 3) , but light levels at the mean depth, and at the minimum and maximum depths for trout varied between both lakes and months (Table 4 ). There was therefore no relationship between light levels and the depth of trout, even in Lake Rotoma. Low oxygen levels limited trout depth distribution in Lake Rotoiti in February and March, but the only other discernable relationship between the maximum and minimum depths for trout and the physical variables measured occurred for water temperature. Although the minimum depth of trout varied between both lakes and months, monthly water temperatures at the minimum depth showed little variation between lakes, except in February (Table 4 ). At this time the water temperature at the minimum depth for rainbow trout in Lake Rotoiti was 21.0°C, compared with 19.4°C in Lake Rotoma. This 1.6°C difference between lakes was much greater than the 0.0-0.2°C difference that characterised differences in other months, and was probably related to the effect of low hypolimnetic oxygen levels on the depth distribution of trout in Lake Rotoiti. Water temperatures at the maximum depth for trout varied by only 0.4°C between months in Lake Rotoma but ranged from 11.2 to 13.3°C in Lake Rotoiti (Table 4 ). This variation in water temperatures at the maximum depth for trout in Lake Rotoiti was caused by high values in February and March (Table 4) , when low oxygen levels set a lower limit to the trout depth distribution.
DISCUSSION
Habitat squeeze and trout
The depth stratum containing rainbow trout in Lake Rotoiti in February was bounded by water temperatures > 21.0°C and oxygen levels < 2.5 g m -\ Although the habitable depth range for trout was clearly restricted in Lake Rotoiti in February, the evidence for consequent compression of the vertical distribution of trout was less certain.
The few trout which inhabited deeper waters (> 50 m) in these lakes would have been affected by the low oxygen levels in Lake Rotoiti in February, but such fish may not be typical of the majority of trout. Depth selection by these deeperdwelling fish could well be anomalous and under the control of a different mechanism to that influencing the majority of trout. Whereas there is no direct evidence for this, anomalous depth distributions of rainbow trout do occur; the occasional rainbow trout making brief excursions into hypoxic waters (Luecke & Teuscher 1994 -cited in Rahel & Nutzman 1994 . Moreover, rainbow trout are known to select cooler (hence deeper) waters when starved (Javaid & Anderson 1967) , so fish that are not eating because of injury or disease can be expected to occur in cooler and hence deeper water than other fish. The relative isolation of the deeper dwelling trout from the majority that occurred in shallower waters close to the thermocline, their few number in both lakes, and their presence in relatively deep water where there is little light, implies that their presence was anomalous and that their depth selection mechanism was not typical of the majority offish. When the majority of trout which occupied waters mainly within the thermocline are considered alone, there was no evidence that their vertical distribution in February was squeezed. New Zealand Journal of Marine and Freshwater Research, 1995, Vol. 29 This variation in the depths of rainbow trout serves to highlight the difficulties involved in measuring the vertical distribution of fish in lakes. It is apparent that different groups of fish can select different depths at the same time because of individual differences in activity patterns and behaviour. For example, most trout were present at depths of 10-40 m within or close to the thermocline, and in most instances were spatially isolated from their main prey species, the common smelt. As they were not foraging at this depth they were probably resting. However, we observed some trout within 1 m of the lake surface and these fish were clearly feeding. Similarly, many of the smaller adult trout that were present in waters shallower than 10 m in March, when large aggregations of smelt occurred in these waters, were probably feeding. The smelt present in these shallow waters are smaller than those inhabiting deeper waters (Rowe 1994) , and although such small smelt are taken by all adult trout, they form nearly 100% of the diet of trout in the 20-35 cm FL size range (Smith 1959; Rowe 1984; Cryer 1991) . It is therefore probable that the generally smaller adult trout in waters < 10 m in March were feeding on smelt, whereas other similar-sized trout remained in deeper waters. Such temporal differences in behaviour can be expected to lead to split distributions of fish (e.g. Narver 1970; Hamrin 1986 ) and unless compensated for will confound attempts to determine the reasons why fish inhabit certain depth strata in lakes.
Although there was no evidence of a contraction in the depth range for the majority of trout in Lake Rotoiti, the warmer water at the maximum and minimum depths for trout in Lake Rotoiti in February and March indicates that trout inhabited warmer waters in Lake Rotoiti than in Lake Rotoma in these months. As water temperature declined with depth, the vertical distribution of trout in Lake Rotoiti was therefore shallower than expected. Thus habitat squeeze affected some trout in Lake Rotoiti but not all, and although there was no evidence for compression of the depth range for the majority of trout, their vertical distribution was shifted upwards into warmer waters.
Habitat squeeze can be expected to occur for rainbow trout in Lake Rotoiti only during summer months when limiting levels of temperature and oxygen occur. However, limiting oxygen levels were shallowest in March, whereas limiting temperature levels occurred in February. This time lag between maximum water temperatures and minimum oxygen levels meant that trout depth habitat in Lake Rotoiti was not compressed as much as was expected. Nevertheless, habitat squeeze was much greater in Lake Rotoiti than in Lake Rotoma, and any further habitat squeeze in Lake Rotoiti can be expected to constrict the vertical distribution of trout, increasing densities within a narrower depth stratum.
Increased packing of fish within a narrower depth stratum could affect fish production and fishery management, but would only be expected to occur in Lake Rotoiti in February if either the 2.5 g m" 3 oxygen threshold level rose above 35 m, or if the 21.0°C isocline descended below 12 m. Historical records of oxygen levels in Lake Rotoiti indicate that the 2.5 g m™ 3 oxygen level occurred at about 50 m in February 1957-68 (Jolly 1968; Fish 1969) . Gibbs (1992) reported it between 35 and 40 m in February 1982, and we recorded it at 35 m in February 1994. As the depth of the thermocline in lakes can be raised by increasing nutrient concentrations (Tanner 1960) , and the depth of the epilimnion can be decreased by the effects of decreased water clarity on thermal structure (Mazumder & Taylor 1994) , any future addition of nutrients to Lake Rotoiti can be expected to raise the depth of the thermocline, and the deoxygenated hypolimnion, pushing trout further towards the lake surface during summer. Alternatively, increased warming of the epilimnion by climate change effects (Rowe & Scott 1989) could also reduce the habitable depth range for trout in this lake.
Factors influencing trout vertical distributions
The changes in the vertical distribution of rainbow trout in Lakes Rotoiti and Rotoma during summer months were qualitatively similar to those recorded in Lake Taupo by Cryer (1991) . Cryer (1991) also found that trout occupied deeper waters during winter and spring months, reaching their greatest depth in December. After December, the trout concentrated in relatively shallower waters, with smaller trout predominating closest to the surface.
Although the oxygen and temperature limits which determined the depth of available habitat for trout could account for the vertical distribution of trout in Lake Rotoiti in February, these limits do not explain the changes in vertical distribution of trout between months for either lake, nor between lakes for any month. Furthermore, it was apparent that the seasonal changes in the depth of trout in Lakes Rotoiti and Rotoma were not related to simple models of trout behaviour based on either Downloaded by [University of Idaho] at 07:41 27 September 2011 preferences for, or avoidance of, particular light, temperature or oxygen levels. Nevertheless, the close association between the depth range of trout and the position of the thermocline, and the generally low variation in water temperatures at the maximum depth of trout in each lake between months, and at the minimum depth for trout in each month between lakes, all indicate that water temperature is important for determining the vertical distribution of trout in these lakes in summer months.
The increase in water temperatures at both the minimum depth and at the mean depth for trout between November and March indicates that temperature acclimation may have been occurring. If so, the monthly changes in trout mean depth could be related to temperature preferences based on acclimation to surface water temperatures in the epilimnion. However, this model assumes that trout rest, or hold position in the colder deeper waters of the thermocline where preferred temperatures occur, and undertake periodic forays to the shallower warmer waters of the epilimnion to feed.
Movements of trout between warmer epilimnetic water and colder waters in the thermocline can be inferred from both the known feeding patterns of rainbow trout in these lakes and the thermoregulatory behaviour of rainbow trout. For example, in summer months, trout in these lakes feed mainly on small-sized (30-50 mm FL) smelt (Smith 1959; Rowe 1984; Cryer 1991) , which occur in the epilimnion (Rowe 1994) . However, summer water temperatures in the epilimnion of these lakes are too warm (>19°C) for optimal growth of rainbow trout (Hokanson et al. 1977; Wurtsbaugh & Davis 1977) so, according to the thermoregulatory hypothesis (Brett 1971; Biette & Geen 1980) , trout would be expected to move to colder and hence deeper waters after feeding, in order to reduce their body temperature.
Increased acclimation temperatures raise the preferred temperature for rainbow trout (Cherry et al. 1977; McCauley et al. 1977) and there is a close relationship between the final temperature preferendum for many fish and optimal temperatures for growth (McCauley & Casselman 1981) . This relationship exists for rainbow trout as juveniles grew fastest when daytime temperatures were between 17 and 19°C (Hokanson et al. 1977) , which is close to their final preferendum of 18-19°C (McCauley & Pond 1971; Cherry et al. 1977 ). Thus if trout in lakes feed in shallow waters that are too warm for optimal growth, they can be expected to move to cooler waters after feeding in order to reduce their body temperature.
Such thermoregulatory movements have been recorded for rainbow trout. For example, rainbow trout regulated their body temperatures by moving to areas in a thermal plume in a lake where water temperatures were within the preferred range (Spigarelli & Thommes 1979) . Furthermore, individual rainbow trout moved between warm surface and cooler bottom waters in a vertical temperature gradient (Sutterlin & Stevens 1992) . Such movements were periodic, occurring at about 12-hour intervals, and were probably related to biotic factors such as feeding and growth rather than to physical factors as the movements were not in phase. Rainbow trout in Lakes Rotoma and Rotoiti can therefore be expected to undertake periodic vertical movements between the warm waters of the epilimnion where they feed and the cooler waters of the thermocline where preferred temperatures occur.
To test this thermoregulatory model for depth selection by rainbow trout in Lakes Rotoiti and Rotoma, we estimated the preferred temperatures for adult trout given acclimation temperatures in the epilimnion. We then compared these predicted temperatures with the actual temperatures at the mean depth for such fish in both lakes. Although the preferred temperatures for adult rainbow trout for given acclimation temperatures are not known, Cherry et al. (1977) provided data for small (50-100 mm FL) trout which can be extrapolated to larger fish. For example, Spigarelli & Thommes (1979) reported a difference of 5°C between the preferred temperature for small (0.2 kg) and large (5.0 kg) rainbow trout. As trout in Lakes Rotoma and Rotoiti generally range from 2 to 5 kg (unpubl. data), a correction factor of -5°C was therefore applied to the data provided by Cherry et al. (1977) .
The predicted and actual water temperatures were surprisingly close, particularly in Lake Rotoiti (Table 5 ). In general, differences between predicted and actual temperatures were < 2.6°C in Lake Rotoma and, except in March, < 0.3 °C in Lake Rotoiti ( Table 5 ). The somewhat higher than expected difference (+3.6°C) between preferred and actual temperatures at the mean depth of trout in Lake Rotoiti in March was due to low oxygen levels which forced trout into shallower waters at this time. The thermoregulatory model was therefore useful for predicting changes in the depth distribution of rainbow trout in these lakes. In Downloaded by [University of Idaho] at 07:41 27 September 2011 particular, it explained both the monthly changes in the mean depth of trout and the deeper distribution of trout in Lake Rbtoma. It should therefore be formally tested to determine whether it provides a good working model for predicting trout depth distributions in lakes.
We have provided evidence that the thermal structure of Lakes Rotoiti and Rotoma influences the vertical distribution of rainbow trout in summer months. The population size and density of trout in such lakes may therefore be related to the amount of thermal habitat available rather than to lake surface area, or to total lake volume. The importance of thermal habitat for the production of fish was demonstrated by the successful establishment of Atlantic salmon (Salmo salar) in several North American lakes. This depended on the presence of forage fish within the habitable depth range for these salmon (Kircheis & Stanley 1981) . Rainbow smelt (Osmerus mordax) proved to be the only forage species capable of supporting Atlantic salmon because both species were stenotherms, and occupied similar depth ranges. Knowledge of the factors influencing vertical distributions of fish in lakes is therefore essential for understanding fish dynamics in lakes and for fisheries management.
